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Abstract We used scattering-type scanning near-field optical microscopy (s-SNOM) to characterize nickel
nanoclusters grown inside single-walled carbon nanotubes (SWCNT). The nanotubes were filled with Ni(II)
acetylacetonate and the molecules were transformed into nickel clusters via annealing. The metal clusters
give high local contrast enhancement in near-field phase maps caused by the excitation of free charge carriers.
The near-field contrast was simulated using the finite dipole model, approximating the clusters with elliptical
nanoparticles. Compared to magnetic force microscopy, s-SNOM appears much more sensitive to localize metal
clusters inside carbon nanotubes. We estimate the detection threshold to be ∼ 600 Ni atoms.
1 Introduction
One of the unique applications of carbon nanotubes is their use as nanocontainers for various encapsulated species.
Nanoscale metal clusters present a special perspective in this regard as the tubes give both a natural constraint
and an effective protection from the environment. Following the early description of the filling procedure [1],
a considerable variety of both single- and multiwalled nanotubes combined with several metals were produced
(for a review, see Ref. [2]), and their structural [3], magnetic [4] and superconducting [5,6] properties investigated.
Metallocenes in single-walled carbon nanotubes (SWCNTs) [7] represent a special class among these hybrid systems,
as they constitute nanoreactors for both metal cluster formation [8] and inner nanotube growth [9]. In a recent
study [10], upon annealing nickelocene encapsulated in SWCNTs, superparamagnetic nickel clusters were formed
that are considered as high performance single domain magnets with high coercivity. Here we measure such clusters
by scattering-type near-field optical microscopy (s-SNOM) to both probe the metallicity of such small nanostructures
and to establish the sensitivity of the method.
2 Sample preparation and characterization
Details of encapsulation of Ni(II) acetylacetonate in e-Dips single walled carbon nanotubes with tube diameters of
1.7 ± 0.1nm are given in Ref. [10]. The encapsulated molecules were transformed to nickel clusters by annealing.
The size of these clusters can be controlled by the annealing temperature: In order to get fewer but well separated,
long clusters we heated the sample in vacuum at 700◦C for 2 hours. Previous results using similar conditions [10]
showed the formation of nickel clusters with aspect ratio ranging approximately from 1 to 15. Near-field microscopy
was performed on samples deposited on a silicon substrate by vacuum filtration [11].
In order to follow and control the annealing process we verified the disappearance of Ni(II) acetylacetonate
molecules using attenuated total reflection (ATR) spectroscopy in the mid-infrared (MIR) region (Fig. S1). The
disappearance of the acetylacetonate-related peaks indicates the successful decomposition of the molecules and the
possible formation of Ni clusters.
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We also observed nickel clusters being created inside the nanotubes via transmission electron microscopy (TEM).
The nanotubes were dispersed in toluene, sonicated for 1 hour and collected onto a TEM grid with ultrathin carbon
film, then images were taken using both a JEOL 3010 and an FEI THEMIS microscope. A typical image is shown
in Fig. S2. The clusters look spatially separated enough to enable the measurement of the optical response via
s-SNOM where the possible resolution limit is around 20 nm.
3 Near-field measurements
We applied scattering-type near-field optical microscopy (s-SNOM) to image nano-sized nickel atom clusters inside
single walled carbon nanotubes based on their infrared optical response with spatial resolution beyond the diffraction
limit. The s-SNOM setup utilizes an atomic force microscope with a metal-coated tip illuminated from the side
by a focused laser beam. (In our case, the source was an infrared (980 cm−1) quantum cascade laser (QCL)). The
illuminated metal tip acts as an optical antenna [12] and enhances the electric field under the tip as depicted in Fig.
1. The extension of this well-localized, high amplitude electric field depends on the tip apex radius [13]. As this
nano-sized light probe is scanned in the proximity to the surface, an optical interaction occurs between the probe
and the sample.
Figure 1: Illustration of the near-field scattering process and the illuminated probing tip.
This interaction results in propagating waves via scattering from the volume below the probing tip. The
amplitude and the phase of the scattered wave are in close relation with the local optical properties of the sample
[14,15]. The very weak near-field scattered light is then demodulated at the higher harmonics of the tip oscillation
frequency and further analyzed using pseudo-heterodyne detection [16] based on a Michelson-type interferometer,
shown in Fig. S3.
This complex setup enables the simultaneous measurement of the sample topography and both the amplitude
and the phase of the near-field scattered light. The s-SNOM microscopy yields very high wavelength-independent
spatial resolution (≈ 20nm) and high optical response that gives the opportunity to study nanostructures consisting
of only a few hundred atoms.
Magnetic force microscopy (MFM) was also performed with a separate AFM instrument (Bruker Dimension
Icon) using a standard Bruker MESP magnetic AFM tip.
4 Theoretical predictions
In the applied mid-infrared spectral region the near-field signal originates from the excitation of free charge carriers.
This effect is ideal for characterizing metallic components as they produce high near-field signal contrast compared to
the silicon substrate. Although carbon nanotubes show near-field contrast themselves [17,18], their conductivity is
negligible compared to real metals like nickel, therefore we do not expect observable contribution from the nanotube
walls.
In order to predict the near-field contrast we performed calculations based on the extended finite dipole model
(EFDM) [19, 20]. In the infrared region where the wavelength is much longer than the characteristic size of the
tip-particle-substrate system, the scattering problem can be approximated as an electrostatic problem at each time
step (Rayleigh scattering). The system is modeled as depicted in Fig. 2. The tip is approximated as a prolate
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spheroid, the nanotube as an infinite long cylinder. The nickel clusters are also cylinder-like objects as previous
studies [10] suggested. In order to fit them to the analytical model we replaced them with prolate spheroids because
their polarizability is very close to that of a cylinder.
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Figure 2: Schematic representation of the probe-sample configuration used in our analytical model. The nickel
cluster is modeled as a prolate spheroid. The nanotube wall (including the van der Waals distances) separates the
tip and the substrate from the side of the nickel cluster. The average diameter of the e-Dips nanotubes is 1.7 nm
thus the nickel cluster is considered to be 1.3 nm in diameter.
Neglecting the effect of the carbon nanotube (see above), the main part of the near-field interaction occurs
between the probing tip, the nickel cluster and the substrate. The electric field is considered to be perpendicular to
the surface of the substrate as the tip enhances the electric field component that is parallel to its axis of revolution.
In such a model we can take into account the electric field response of the nickel cluster with several dipoles generated
inside the nickel nanoparticle by the tip and the mirror charges of the substrate. Those dipoles are described by
the local electric field and the polarizability of the object (p = α · Eloc). The polarizability of prolate spheroids,
perpendicular to their major axis is given by the formula [21]:
α⊥ =
4
3
R2L
(
2R
L
)2
− 1
1 +N⊥(− 1) (1)
Here  is the dielectric permittivity of the nanoparticle at the wavelength of interest, R is the radius, and L is the
length of the elliptical nanoparticle, N⊥ is the depolarization factor. The latter describes how much the internal
field within the spheroid is attenuated by the polarization and it depends on the geometry of the object. This can
be expressed as
N⊥ =
1
2
(1−N‖) (2)
N‖ =
1− e2
1e3
(
ln
1 + e
1− e − 2e
)
(3)
where e =
√
1−
(
R
L/2
)
is the eccentricity of the spheroid. The diameter is chosen to be D =1.3 nm to fit inside a
nanotube with diameter 1.7 nm. The dielectric permittivity of nickel was determined from the Drude model with
a size-dependent term for the damping constant [22]:
(ω,R) = 1− ω
2
p
ω2 + iωγ + iωC vFR
(4)
where vF is the Fermi velocity and C is a factor that depends on the electron scattering process inside the particle.
The Drude model parameters for nickel were taken from Ref. [22].
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These parameters were used in the EFDM model to calculate the 3rd harmonic demodulated near-field phase
contrast of nickel nanoparticles compared to the silicon substrate versus the aspect ratio of the nanoparticle (L/D).
The result is presented in Fig. 3.
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Figure 3: Third harmonic (O3) near-field phase signal of a nickel nanoparticle calculated from the EFDM model,
as a function of aspect ratio (L/D). All data were normalized to the signal from the silicon substrate.
Fig. 3 illustrates that the near-field phase contrast does not vary noticeably with the aspect ratio: the near-field
contrast changes only by ∆ϕO3 = 0.001 [rad] until it starts to saturate when the aspect ratio is around four. This
amount of change cannot be detected with our instrument.
5 Results and discussion
Results on as-prepared Ni(II) acetylacetonate-filled nanotubes transferred onto silicon substrate are shown in Fig.
4. We were looking for nanotube bundles with as small diameter as possible. We expect no phase signal from
such bundles as Ni(II) acetylacetonate molecular vibrations are too weak to provide an observable near-field signal.
We found that nanotube bundles smaller than 10 nm have no contrast on the near-field optical maps. The figure
presents the AFM topography and the O3 near-field phase map of a nanotube bundle with diameter of 3nm. Since
the diameter of an individual e-Dips nanotube is d ≈ 1.7 nm, bundles with d =3 nm probably consist of three
nanotubes. The lack of a near-field signal verifies our predictions.
Figure 4: AFM topography (left) and O3 near-field map (right) of a typical Ni(II) acetylacetonate-filled carbon
nanotube bundle before the annealing process. Optical images were taken with a ν=980 cm−1 illuminating laser.
Next, we applied the annealing process (700◦C, 2h) to this sample to create nickel clusters and repeated the
optical characterization of the nanotubes. During the process the surface morphology of the sample changed
substantially and it was impossible to find the same nanotube. However, we searched for nanotube bundles with
identical diameter to the ones measured before. Fig 5 shows the AFM topography and the third harmonic phase
signal of such a nanotube bundle.
As the optical image demonstrates, bright, high contrast spots appeared along the nanotubes. There are also
places where no optical signal is found. That result corresponds to the transmission electron microscopy images
which showed inhomogeneous spatial distribution of nickel clusters along the nanotube bundles. Our analytical
model matches the measurements as well. Phase contrast values of the brightest spots are ϕO3 = 0.139± 0.01[rad].
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Figure 5: AFM topography (left) and O3 near-field map (right) of a typical carbon nanotube bundle after the
annealing process. Optical images were taken with a ν=980 cm−1 illuminating laser.
This agrees with a calculated value of ϕ ≈ 0.142[rad]. Other examples of phase maps can be seen in Fig. 6, where
the location of the nickel clusters can be easily identified. We also found very few nanotubes with no contrast, which
indicates that the filling of most tubes was sufficient to obtain nickel clusters. The contrast values vary within the
sample; smaller values could correspond to smaller diameter clusters that do not fill the nanotube perfectly, larger
contrast, in turn, could indicate multiple clusters measured together at the bottom of the tip.
Figure 6: O3 optical phase maps of two different carbon nanotube bundles. Images were taken with a ν=980 cm−1
illuminating laser. The presence of nickel clusters is very obvious as they cause high phase contrast.
We also tried to localize the nickel clusters by magnetic force microscopy (MFM). This technique was already
applied to investigate nanoparticles with magnetic behavior [23–25]. The excellent magnetic properties of these
nickel clusters were already demonstrated [10]. We expected to obtain the signal of nickel clusters in the MFM phase
images as magnetic dipoles give bright and dark spots at their opposite poles. Fig. 7 displays the AFM topography,
the MFM and s-SNOM measurements on the same nanotube bundle. We repeated the MFM measurements with
different tip lift height (15, 25, 35, 50, 70, 130nm) until the topographic related phase appeared. We did not find any
sign of nickel clusters with MFM probing. If we assume that the aspect ratio of a nickel cluster is four (this was
the saturation limit in the calculated near-field phase) and we treat it like a cylinder shaped cluster of face centered
cubic (f.c.c.) structured nickel, we can roughly estimate the number of atoms measured in one spot. In order to do
this, we used the lattice constant of f.c.c. nickel, 0.35nm [26] and calculated how many cubes can fit in the above
mentioned cylinder. This number was then multiplied by four because the unit cell of an f.c.c. crystal contains 4
atoms, giving the number of atoms to be around 644. We find that near-field optical probing is more sensitive and
gives reliable information about the location of nickel clusters inside carbon nanotubes even in the case of such a
small amount of material.
6 Conclusions
We observed nickel nanoclusters grown inside single walled carbon nanotubes via near-field microscopy based on
their infrared free-carrier absorption. We found that these measurements are very sensitive to the presence of the
metallic phase. We were able to detect optical signals from nickel atom clusters consisting of less than 700 nickel
atoms. Our modified EFDM model gives phase contrasts close to the measured values and is found to reliably
predict the optical signal of nanoparticles. We also detected nickel clusters in most of the nanotubes, consistent
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Figure 7: AFM topography (a), MFM phase (b), O3 near-field phase (c,d) of the same nanotube bundle. Figures
clearly show contrast in optical images while magnetic microscopy is not sensitive to nickel clusters of this size.
with electron microscopy results.
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